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Physcomitrella patens is an attractive model system for comparative analyses of leaf development because 23 
it evolved leaves (phyllids) independently to flowering plants, yet its genome contains homologues of many 24 
gene families that regulate angiosperm leaf development. In addition, P. patens phyllids are primarily a 25 
single cell layer thick, making it simple to identify the cellular basis of defects that perturb shape. 26 
Identification of gene functions in shape determination depends on like for like comparison of mutant 27 
versus wild-type plants. Here we show that, if heteroblasty is not perturbed, such comparisons should use 28 
phyllid L13 or above in the heteroblastic series, and fully expanded phyllids above P7 in the developmental 29 
series. Using a quantitative approach, we show that heteroblastic size variation reflects differences in cell 30 
proliferation rather than cell size and shape. A comparison of control to pinA pinB mutant phyllid 31 
development verifies that PIN proteins promote cell proliferation and suppress expansion to determine 32 
phyllid shape. The results and approach that we have generated will be applicable to any study of P. patens 33 
phyllid development to reveal the cellular basis of phyllid size and shape variations.  34 
Key words 35 
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Introduction 38 
The plant evo-devo field aims to identify genes underpinning the radiation of diverse forms during 39 
evolution (Harrison, 2017). Leaves and leaf-like organs have evolved multiple times and fulfil 40 
photosynthetic functions during plant evolution (Tomescu, 2008; Harrison and Morris, 2018). Whilst the 41 
leaves of vascular plants develop in the diploid sporophyte stage of the life cycle, the phyllids of mosses 42 
and liverworts develop in the haploid gametophyte stage of the life cycle, and these groups evolved leaves 43 
independently (Harrison and Morris, 2018). Moss phyllids each develop from a single cell cleft in a spiral 44 
pattern from the gametophore apical cell (Parihar, 1967; Harrison et al., 2009). The phyllid apical cell then 45 
cleaves in a herringbone pattern thus establishing the proximo-distal and medio-lateral axes of phyllid 46 
development, and later divisions extend both axes independently of the activity of the phyllid apical cell 47 
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(Harrison et al., 2009). The resultant phyllid is oblanceolate, and except at the point of midrib insertion is a 48 
single cell layer thick (Parihar, 1967; Harrison et al., 2009). This property makes moss phyllids an attractive 49 
model system for understanding how the activity of genes translates via cell growth and division into 50 
overall organ form, particularly since  is possible to image all the cells within a phyllid as it grows (Harrison 51 
et al., 2009). 52 
Reverse genetic approaches in Aphanoregma patens have started to identify genes that regulate phyllid 53 
development in mosses to address questions about the genetic mechanisms underlying convergent leaf 54 
evolution. Whilst some genetic mechanisms for leaf development are not shared between mosses and 55 
flowering plants (e.g. (Sakakibara et al., 2008)), many are. These include TONNEAU genes (Traas et al., 56 
1995) which regulate microtubule activity and phyllid expansion (Spinner et al., 2010), PIN genes (Galweiler 57 
et al., 1998, Scarpella et al., 2006) which regulate phyllid width (Bennett et al., 2014; Viaene et al., 2014) 58 
and HD-zipIII genes (Talbert et al., 1995; McConnell and Barton, 1998; Prigge et al., 2005) which regulate 59 
the proximodistal axis of phyllid development and phyllid margin integrity (Yip et al., 2016). These genetic 60 
data suggest that many similar mechanisms have been independently recruited to regulate leaf 61 
development in mosses and flowering plants. Further Aphanoregma mutants such as ftsZ (Anja et al., 2009) 62 
and RecQ (Wiedemann et al., 2018) have phyllids that are smaller than in wild-type plants or have split tips 63 
respectively. Analyses of mutant phyllid phenotypes are to date qualitative and at the whole organ scale, so 64 
do not reveal the cellular basis of mutant phenotypes. This makes it hard to draw comparisons between 65 
wild-type and mutant plants or between studies (e.g. Spinner et al., 2010, Bennett et al., 2014, Viaene et 66 
al., 2014, Yip et al., 2016). Furthermore, Aphanoregma  phyllids develop in a heteroblastic series (Barker 67 
and Ashton, 2013) and different studies have intercepted this series at different points in development. For 68 
these reasons, we have undertaken a quantitative analysis of phyllid development in Aphanoregma  and 69 
developed a simple approach to enable rigorous quantitative comparisons of phyllid phenotypes in wild-70 
type and mutant plants. 71 
Materials and Methods 72 
Plant growth and sample preparation 73 
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The Aphanoregma  patens Gransden strain was used in all experiments except for control versus mutant 74 
phenotype comparisons, which used pinA pinB mutant strain and a GH3::GUS strain used to engineer the 75 
pinA pinB mutants (Bierfreund et al., 2003; Bennett et al., 2014). All plants were grown as spot cultures on 76 
BCDAT plates as described elsewhere (Whitewoods et al., 2018). Phyllids were removed and laid out on 77 
plates containing 0.8 % agar in heteroblastic series counting from the gametophore base. Phyllids L3, L10, 78 
L14, L16, L18, and L20 were selected from each heteroblastic series and soaked in 1% chloral hydrate. 79 
Cleared phyllids were rinsed with de-ionised water three times and transferred to 2 M NaOH for 2 h. They 80 
were then rinsed and stained in toluidine blue prior to mounting under a coverslip with the abaxial side of 81 
the phyllid lying flat against the slide (see supplementary protocol). 82 
Microscopy, image capture and image segmentation 83 
Phyllids were imaged using a Leica DMRXA microscope with a 20 x objective. Length measurements were 84 
made from the tip to the base along the midrib, and width measurements were made perpendicular to the 85 
midrib at the widest point of each phyllid. Images were further processed with ImageJ (Schindelin, et al., 86 
2012) to generate a map of all cell outlines within the phyllid, and the length, width, area and aspect 87 
(length to width) ratio of all cells was measured using ImageJ (see supplementary protocol). Using QGIS 88 
software (QGIS Development Team, 2017), these metrics were plotted back against cell maps of each 89 
phyllid to visualise cell shape trends within and between phyllids as heat maps.  90 
Results 91 
Heteroblastic variation in phyllid length reflects cell division, not expansion 92 
To quantify patterns of phyllid development, the five largest gametophores were teased out from five 93 
different 6 week-old plants (n = 25 in total). Phyllids were removed from each gametophore, arranged in a 94 
heteroblastic series and measured as described in the Materials and Methods section. Length 95 
measurements were found to progressively increase to a maximum at phyllid L13 (Figure 1A), and thus 96 
subsequent fully expanded phyllids in the heteroblastic series had a similar length (Figure 1A, Table S1). 97 
However, phyllid length decreased towards the gametophore apex from P7 to P1 due to incomplete 98 
 
Page 5 of 29 
expansion (Figure 1B, Table S2).  To investigate the effect of cell size and shape on phyllid size, we mapped 99 
the outline of cells in fully expanded phyllids throughout the heteroblastic series (Figure 1C). Quantitative 100 
analyses of cell number per phyllid, cell length, cell width, cell area and cell aspect ratio supported previous 101 
analyses showing that the increase in phyllid length in a heteroblastic series reflects an increase in cell 102 
number rather than cell length increases (Figure 1D-H, Table S3). 103 
Cell shapes are heterogeneously distributed 104 
To identify the cellular basis of differences in phyllid size and shape, we first plotted the distribution of 105 
quantitative cell shape measures against phyllid cell maps using QGIS software (Figure 2A-D). This analysis 106 
revealed a proximo-distal gradient in cell length, with high cell lengths in cells at the base and margin 107 
(Figure 2A). There was a decrease in cell width from the base of the phyllid to the tip, but marginal cells 108 
were the narrowest (Figure 2B). Cell area decreased from the base to the tip of phyllids (Figure 2C). In 109 
contrast, cell aspect ratio increased from the midrib to the edge of the phyllid, with a slight decrease 110 
towards the tip (Figure 2D). Thus, cells in different regions of P. patens phyllids had different quantitative 111 
attributes. 112 
Multivariate analysis distinguishes three phyllid regions with distinct cell shapes 113 
To determine whether the quantitative measures above were sufficient to distinguish phyllid regions with 114 
different cellular identitities, we performed a multivariate analysis using K means cluster analysis (Figure 3). 115 
This identified three highly supported cell shape classes in all samples (Figure 3A and 3B, Table S4). The 116 
spatial distribution of shape classes was plotted against  phyllid cell maps using QGIS software. Whereas 117 
cells at the base of the phyllid were long and broad, cells at the edge were long and narrow, and cells a the 118 
top were shorter and narrower than cells at the base (Figure 3B, 3C). There was no difference in the cell 119 
shape distribution or the proportions of each cell type between phyllids within a heteroblastic series. Thus 120 
heteroblasty reflects differences in cell number, not cell shape and size. 121 
Comparison of control with mutant phyllid phenotypes 122 
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Aphanoregma pinA pinB mutants have defective auxin transport and previously identified phyllid defects 123 
(Bennett et al., 2014; Viaene et al., 2014). To determine whether a quantitative approach would be useful 124 
in mutant phenotype characterisation, we compared pinA pinB mutant development to development in a 125 
GH3::GUS line used to engineer the pinA pinB mutant (Bierfreund et al., 2003; Bennett et al., 2014). To 126 
identify any heteroblasty defects in mutants, we first measured phyllid lengths (Figure 4A, Table S5). Whilst 127 
pinA pinB phyllids were longer than GH3::GUS phyllids, both lines reached a maximum length by phyllid L13 128 
in the heteroblastic series (Figure 4A, 4B). Further analyses between genotypes compared the number of 129 
cells and mean cell length, width, area and aspect ratio in fully expanded phyllids. This revealed that pinA 130 
pinB mutants have fewer cells per phyllid than GH3::GUS plants, and that cells are longer and larger with a 131 
similar width in mutant versus GH3::GUS plants (Figure 4C, Table S6).  132 
To investigate the effect of genotype on cell shape, size and number in different phyllid regions we applied 133 
the multivariate analysis and clustering approach described above to data from mutant and control 134 
phyllids. This showed fewer cells in the top phyllid region in pinA pinB mutants compared to GH3::GUS 135 
plants and slightly more cells in the edge region (Figure 4D, 4E). The base region had comparable cell 136 
numbers. While there was no significant overall difference in cell area, cells in pinA pinB mutant phyllids 137 
were slightly but significantly longer than cells in GH3::GUS lines (Figure 4D, Table S7). Comparison of 138 
phyllid regions showed that cells from the edge and top regions in pinA pinB mutants were slightly larger 139 
than equivalent cells in GH3::GUS plants (Figure 4D), and pinA pinB mutants had significantly wider cells in 140 
the edge region and narrower cells in the top region with correspondingly altered aspect ratios. Cells in the 141 
base region were unchanged in both width and aspect ratio in pinA pinB mutants compared to GH3::GUS 142 
plants. The differences above were clear from heat maps plotting quantitative data and the output from 143 
cluster analyses (Figure 4E). These data suggest that phyllid size and shape differences in pinA pinB mutants 144 
are due to a small global increase in cell size and a reduction in the number of cells in the top phyllid region 145 
(Figure 4E). 146 
Discussion 147 
The data above show that simple quantitative measures can be used to highlight the cellular basis of 148 
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differences in phyllid shape and size between control and mutant P. patens plants. A previous analysis of 149 
phyllid development documented an increase in length through the heteroblastic series and increasing cell 150 
number per phyllid correlating with progression through the heteroblastic series up to L10 (Barker and 151 
Ashton, 2013). By further sampling we found that phyllid length and cell number per half phyllid reach a 152 
maximum by phyllid L13 in the heteroblastic series. Our analyses also show that, regardless of size or 153 
position in the heteroblastic series, phyllids contain three quantitatively distinct populations of cells. 154 
Differences in phyllid size and shape reflect cell proliferation rather than cell expansion and cell shape 155 
change. Thus, future studies wishing to draw like for like comparisons of phyllid development should rule 156 
out heteroblastic defects and select phyllids L13 or above from the heteroblastic series and P8 or above 157 
from the developmental series, and the quantitative approach that we have developed may be helpful in 158 
characterising the cellular basis of mutant phenotypes. 159 
 Previous analyses have shown that the plant hormones cytokinin and auxin regulate phyllid size. Whilst 160 
cytokinin promotes medio-lateral and proximo-distal proliferation, auxin suppresses medio-lateral and 161 
proximo-distal proliferation and promotes anisotropic growth (Barker and Ashton, 2013). pinA pinB 162 
mutants show similar phyllid phenotypes to normal plants treated with exogenous auxins (Bennett et al., 163 
2014; Viaene et al., 2014), suggesting that PIN function is normally required to drain auxin from the phyllid 164 
and confer phyllid shape by regulating the interplay between cell proliferation and growth. Here we have 165 
refined this analysis to show that pinA pinB mutant phyllids have fewer cells in the top region, suggesting 166 
that the role of PIN and auxin for cell proliferation may be localised, whereas its role in regulating cell 167 
expansion is broader. The combination of simple hormonal inputs with the ability to understand 168 
development at the gene, cell and organ scales makes the P. patens phyllid an attractive model system for 169 
future analyses of mechanisms underlying organ shape determination in plants. 170 
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Figure 1: Heteroblasty reflects differences in cell number in P. patens, and phyllid length reaches a 250 
maximum by L13. (A) The mean length of phyllids in heteroblastic series. (B) The length as a proportion of 251 
the maximum of phyllids in developmental series. (C) Cell outlines segmented from representative phyllids 252 
in a heteroblastic series, with the position in series denoted. Scale bar = 0.2 mm. (D-H) Quantitative 253 
analyses of half phyllid cell numbers (D), cell length (E), cell width (F), cell area (G) and cell aspect ratio (H) 254 
showed that phyllid length varied in proportion to cell number. Error bars represent standard deviation and 255 
differences supported by ANOVA with p values ≤ 0.05 are noted above graphs. 256 
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Figure 2: Regional cell shape and size variation in P. patens phyllids. (A-D) Heat maps showing distribution 258 
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0.2 271 
mm. 272 














Figure 3: Multivariate analysis identified three phyllid regions with distinct cell shapes. A) Multivariate 285 
analysis distinguished three groups of cells on the basis of length, width, area and aspect ratio. Arrows 286 
illustrate the effect of changes in each variable. B) Cells with elongated (edge), small (top) or larger (base) 287 
shapes representing each cluster were identified. Scale bar = 20 µm. C) Cell maps of phyllids L3, L10, L14, 288 
L16, L18, L20 showing the distribution of edge, top and base cells. Scale bar = 100 µm. 289 
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 290 
Figure 4: Quantitative comparison of pinA pinB to control phyllid phenotypes. (A) Graph showing 291 
heteroblastic length changes of GH3::GUS and pinA pinB mutant phyllids. Error bars represent standard 292 
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deviation (B) Silhouettes showing differences in shape between wild-type and pinA pinB mutant phyllids. 293 
Scale bar = 20 µm. (C) Cell metrics of wild-type and mutant phyllids calculated from phyllid L16-L20 in the 294 
heteroblastic series. * indicates significant differences in t-test with p values ≤ 0.05. (D) Output of 295 
multivariate analysis showing that pinA pinB mutant phyllids differ from wild-type phyllids in the number of 296 
cells in the ‘top’ region of the phyllid. Cells in each region were identified by their shape attributes, and as 297 
expected no differences in area, length, width or aspect ratio were detected. Error bars represent standard 298 
deviation. Differences supported by ANOVA with p values ≤ 0.05 are noted above graphs. (E) Distribution of 299 
cellular attributes in wild-type and pinA pinB mutant phyllids. Colour scales as in Figure 2 and Figure 3. 300 
Scale bar = 20 µm.  301 
302 
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